Fungi are an important component of microbial communities and are well known for their ability to degrade refractory, highly polymeric organic matter. In soils and aquatic systems, fungi play an important role in carbon processing, however, their diversity, community structure and function as well as ecological role, particularly in groundwater, are poorly studied. The aim of this study was to examine the fungal community composition, diversity and function of 16 groundwater boreholes located in the vicinity of two lakes in NE Germany that are characterized by contrasting trophic status. The analysis of 28S rRNA gene sequences amplified from the groundwater revealed high fungal diversity and clear differences in community structure between both aquifers. Most sequences were assigned to Ascomycota and Basidiomycota, but members of Chytridiomycota, Cryptomycota, Zygomycota, Blastocladiomycota, Glomeromycota and Neocallmastigomycota were also detected. In addition, 27 species of fungi were successfully isolated from the groundwater wells and tested for their ability to degrade complex organic polymers -the predominant carbon source in the wells. Most isolates showed positive activities for at least one of the tested polymer types, with three strains, belonging to the genera Gibberella, Isaria and Cadophora, being able to degrade all tested substrates. Our results highlight the high diversity of fungi in groundwater, and point to their important ecological role in breaking down highly polymeric organic matter in these isolated microbial habitats.
Introduction
Aquifers are a key component of Earth's hydrological cycle and form the largest accessible freshwater reservoir on the planet (Danielopol et al., 2003) . Through the flow of groundwater, aquifers constitute an important pathway between terrestrial and aquatic ecosystems and can be a sink or a source of dissolved organic matter (DOM) for these ecosystems.
Organic matter (OM) from terrestrial systems can be dissolved by rainfall and percolate through the soil profile and into the groundwater (Chapelle, 2001) . The majority of the DOM in surface waters is made up of polysaccharides, lignin, proteins, and lipid sugars that originate mainly from phytoplankton (Grossart and Simon, 2007) and plant material (Bertilsson and Tranvik, 2000; Rochelle-Newall and Fisher, 2002; Zhang et al., 2007) , but DOM can also be produced or modified in-situ (Shen et al., 2015; Rojas-Jiménez et al., 2017) . The concentration and chemical structure of OM in groundwater systems depends mainly on the geological complexity and sorption characteristics of the sediment layers, the type of aboveground vegetation, land use and microbial activity in the soil and aquifer sediments (Jardine et al., 1989; Williams et al., 2010; Peter et al., 2012; Chapelle et al., 2013; Graham et al., 2015) . These factors typically influence the concentrations of coloured DOM (CDOM) and fluorescent DOM (FDOM) in the overall DOM pool, which in turn determines the overall OM quality in groundwater (Mladenov et al., 2010; Li et al., 2014) . Although DOM in groundwater can be a major carbon source for surface water systems (Cai et al., 2003; Mitch and Gosselink, 2007; Santos et al., 2012; Maher et al., 2013) , aquifers are rarely considered as part of the global C cycle (Macpherson, 2009 ).
In soils, fungi are important OM decomposers, particularly of biological polymers such as lignin, cellulose and chitin, and as such contribute significantly to global biogeochemical cycles (Dashtban et al. 2010; Treseder and Lennon 2015) . While fungi and bacteria often compete for the same resources, the physiological capabilities of fungi makes them more effective in breaking down 4 refractory OM (Jørgensen and Stepanauskas, 2009; Harms et al., 2011; Rojas-Jiménez et al., 2017) .
Fungi are also an ecologically important and diverse component of groundwater microbial communities (Lategan et al., 2012; Lategan and Hose, 2014; Sohlberg et al., 2015; Nawaz et al., 2016 Nawaz et al., , 2018 Korbel et al., 2017) . Moreover, groundwater can be a conduit for the exchange of spores and propagules between surface waters and soils (Brad et al., 2008) .
Despite their importance to global geochemical cycles, aquatic fungi remain a poorly studied group with thousands of species yet to be identified (Gessner, 1997; Wurzbacher et al., 2010; Grossart et al., 2015; Grossart and Rojas-Jiménez, 2016) . In aquifers, even less is known about the diversity and functions of fungi, and their interactions with other organisms. Methodological difficulties involved with culturing and the identification of mycelial growth forms, unclear taxonomy and limited databases make fungi difficult to profile accurately in many environments.
In addition, the processes by which fungi use organic matter in aquatic habitats and their role in ecosystem balance remains poorly understood (Clipson and Gleeson, 2012; Crowther and Grossart, 2015) , especially in groundwater environments (Sohlberg et al., 2015; Nawaz et al., 2016 Nawaz et al., , 2018 .
In this study, we investigated the diversity and structure of fungal communities in groundwater in the vicinity of two lakes in Northeast Germany that differed markedly in their trophic status. We hypothesized that, given the differences in water quality between the aquifers surrounding the lakes, fungal communities would also differ. We further investigated the potential of isolated groundwater fungal taxa to degrade highly polymeric and potentially fossil carbon sources, expecting that different taxa would differ in their degradation ability. We found a high fungal diversity in both aquifers, and clear differences in community structure between the aquifers.
Many of the fungal isolates showed positive activities for at least one of the tested polymer types.
These results highlight that aquifers are a suitable fungal habitat and indicate an important role of groundwater fungi in the breakdown of highly polymeric OM.
Material and Methods

Study Site
Groundwater samples were collected from 11 boreholes around Lake Stechlin and 5 boreholes around Lake Grosse Fuchskuhle (Figure 1 ), located in northeast Germany. Both lakes and catchments are surrounded by forest and their watersheds are relatively little impacted by human activities. Lake Stechlin is a dimictic calcareous lake covering 4.25 km 2 , with a maximum depth of 69.5 m, a volume of 96.9 GL and a catchment area of 42.3 km 2 (Casper, 1985) . Lake Grosse
Fuchskuhle is a naturally acidic bog lake that covers ca. 0.02 km 2 , with a maximum depth of 5.6 m, a volume of 0.05 GL and a catchment area of 0.005 km 2 (Burkert et al., 2004; Allgaier and Grossart, 2006 ).
The two lakes differ greatly in their trophic status: Lake Stechlin is oligo-/mesotrophic (pH 7.2 -8.5), while Lake Grosse Fuchskuhle is a dystrophic lake with a pH of < 6 (Allgaier and Grossart, 2006) , receiving large amounts of humic substance (HS) from a surrounding bog system (HutalleSchmelzer et al., 2010) . Both, Lake Stechlin and Lake Grosse Fuchskuhle were formed by glacial dead ice blocks and have no contribution from rivers or streams, thus the lake's water is derived solely from groundwater and precipitation (Ginzel, 1999; Holzbecher et al., 1999) . Further details can be found in the supplementary information.
Sampling procedure
Water samples were collected in May 2016. Boreholes were carefully sampled using a surfacesterilized submersible pump (MP1, Grundfos) and were purged prior to sample collection by removing at least twice the total borehole volumes.
Water samples for chemical analysis were collected using a polypropylene syringe (60 mL, prerinsed with borehole water) and stored in acid-washed 20 mL polyethylene vials. Water samples for molecular analysis were collected in sterile 2.5 L HDPE bottles and kept dark at 4°C in a cooler. Samples were filtered in the laboratory within <4 h of collection using 0.2 µm poresize Sterivex filters. Up to 1.5 L of sample was filtered until the filter became clogged. Filter membranes were stored at -20°C until further analysis.
Chemical analysis
DOC concentrations were determined using a TOC-Vcph total organic carbon analyser (Shimadzu).
DIC was determined as total dissolved carbon minus DOC, which has been determined after acidification to remove all DIC before the measurement. SRP, TP, TN, NO 2 , NO 3 , NH 4 and Fe were measured photometrically using a FIASTAR 5000 (Foss Analytical AB).
Optical characterisation of dissolved organic matter (DOM)
DOM was characterized optically using a UV-Vis spectrophotometer (Hitachi U-2900) to measure absorbance between 190 and 800 nm in 1 nm steps. If the absorbance was higher than 0.3 at 300 nm, the samples were diluted with Milli-Q water to reduce the inner filter effect. Excitationemission matrices (EEM) were obtained using a fluorescence spectrophotometer (Hitachi F-7000) with excitation ranging from 220 to 450 nm (5 nm increment) and emission ranging from 230 to 600 nm (2 nm increment). EEMs were corrected against a Milli-Q water sample and further interpolations of primary and secondary scatters of Rayleigh and Raman regions were performed prior to correction of the remaining inner filter effect using an absorbance-based method (Christmann et al., 1980; Murphy et al., 2013) . Further details of defining DOM fractionation, characteristics and calculations are provided in the supplementary information.
DNA extraction and fungal diversity assessment by amplicon sequencing
Genomic DNA from Sterivex filters (Millipore Corporation) was extracted using a CTAB-phenolchloroform-isoamylalcohol/bead beating protocol (modified after Nercessian et al., 2005) . Details of the extraction procedure can be found in the supplementary information. PCR, library preparation and sequencing was performed by LGC Genomics (Berlin, Germany). Briefly, the D2 region was amplified using primers LR22R-LR3 (Mueller et al., 2016) , followed by library preparation (2x300 bp) and sequencing on a MiSeq Illumina platform. Sequences were quality checked and analysed using Mothur v1. 37.6 (Schloss et al., 2009) . Sequences shorter than 150 bp or which contained ambiguities and homopolymer stretches of more than 8 bases were excluded from further analyses. A chimera check was performed using UCHIME (Edgar et al., 2011) in denovo mode. Sequences were clustered into operational taxonomic units (OTU) using VSEARCH 8 (Rognes et al., 2016 ; as implemented in Mothur) with a minimum sequence similarity value of 97%. Global singleton sequences were removed. Taxonomy assignment of the OTUs was based on Fasta36 (Pearson, 2002) , using the SILVA LSU reference database v128. The five best hits to the highest common taxonomy level were parsed using a custom-made Python script. All non-fungal taxa were removed from the OTU table. For alpha diversity calculation all samples were subsampled to 500 sequence reads (sample NGL4 was removed due to too few useful sequence reads). All sequence reads are available in the Sequence Read Archive (SRA) under the BioProject PRJNA485560.
Fungal isolation and molecular identification
Groundwater (250 mL) from three selected boreholes (NW1, NGW250, FX3) was filtered through 5.0 µm polycarbonate membranes (Millipore, USA) using aseptic conditions. The filter contents were re-suspended in 1 mL PBS 1X (10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 137 mM NaCl, and 2.7 mM KCl) and plated on cultivation media (Rojas-Jiménez et al., 2017) amended with each 100 mg L -1 of streptomycin and penicillin. Plates were incubated at room temperature (20°C) for up to seven days. Emerging fungi were separated and cultured on new plates. After two weeks of growth, we compared the morphotypes of each isolate, considering characteristics such as color, texture, shape, and growth. For all isolates showing identical characteristics duplicate cultures were removed.
DNA was extracted from ca. 250 mg of fungal mycelia using the peqGOLD Tissue DNA Mini Kit (Peqlab, Germany). The ITS1-5.8S-ITS2 region was amplified with primers ITS1 and ITS4 (White et al., 1990) , and a fragment of the 28S rRNA gene using primers LROR-LR5 (Vilgalys and Hester, 1990) . PCR was performed in a 50 µL reaction, using MyTaq Red DNA Polymerase (Bioline, Germany) with the following reaction conditions: 94°C for 2 min, 32 cycles at 94°C for 15 sec, 53°C
for 15 sec, 72°C for 30 sec, and a final extension at 72°C for 5 min. PCR products were Sanger sequenced at Macrogen Europe. Sequences were assembled using BioEdit (Hall, 1999) .
Fungal identification was performed using different reference databases for each marker: for the ITS region we used GenBank, the Warcup Fungal ITS training set 2, and the UNITE Fungal ITS training set. A maximum likelihood phylogenetic tree of the concatenated alignments of LSU+ITS was generated with FastTree version 2.1.9 (Price et al., 2010) , using a GTR+G+I model of evolution.
The resulting phylogenetic tree was displayed and edited in MEGA7 (Kumar et al., 2016) . Further details are provided in the supplementary information. Sequences are available in GenBank under the accession numbers MK007260-MK007286 (LSU) and MK012396-MK012422 (ITS).
Polymeric substrate degradation by fungal isolates
The ability to degrade polymeric substrates was tested in laboratory assays. Assays were performed by inoculating each fungal strain on 6-well plates with cultivation medium amended with one of the following substrates: 1) 0.1% wt/vol ABTS (2,2′-Azino-bis 3-ethylbenzothiazoline-6-sulfonic acid di-ammonium salt), 2) 0.02% wt/vol Remazol Brilliant Blue (RBBR), 3) 0.02% wt/vol Bromocresol Green (Bromo), 4) 0.02% wt/vol PolyR-478 (PolyR), 5) 0.02% wt/vol Toluidine Blue (Tol), and 6) 0.02% wt/vol Congo Red (Congo). Capability of degrading ABTS was detected as a color change demonstrating laccase activity. Decolorization of Remazol Brilliant Blue R (RBBR) is related to lignin peroxidase activity, while decolorization of PolyR-478 (PolyR), Bromocresol Green (Bromo), Toluidine (Tol), and Congo Red (Congo) is related to degradation of polymeric, triarylmethane, and heterocyclic substrates, respectively. The capacity for hydrolyzing the substrates was detected as a color change of the media (substrate 1) or as decolorization of the area around the mycelia (substrates 2 to 6) after 3 weeks.
Statistical analyses
Data processing, visualization and statistical analysis were performed in R (R-Core-Team, 2017).
The Vegan package (Oksanen et al., 2017) was used for non-metric multidimensional scaling (NMDS), permutational analysis of variance (PERMANOVA) and Analysis of Multivariate Homogeneity of group dispersions to estimate differences in the fungal community structure using normalized data by converting OTU counts (without singletons) into relative abundances. In order to limit biases due to low sequencing depth, we removed samples with low sequence numbers (N1, NW1, NGL4).
Differences in DOM composition were displayed using a principal component analysis (PCA) after z-transformation of the data. Differences in individual parameters between sites were tested using a Wilcoxon rank test. To visualize OTUs that were unique to Lake Stechlin or Lake Grosse Fuchskuhle or were shared by both lakes, we converted the OTU matrix into presence/absence data. An undirected network was computed using the package 'igraph' (Csardi and Nepusz, 2006;  http://igraph.org) and visualized with Cytoscape (Shannon et al., 2003) . Species richness and evenness were tested for differences by performing Analysis of Variance (ANOVA) and Tukey's test for pairwise comparisons.
Results
Groundwater characteristics
Groundwater characteristics of the boreholes around the two lakes are shown in Table 1 .
Regardless of lake pH, the pH of the groundwater was always above 6, ranging from pH 6.03 to 7.57. Conductivity ranged from 63 to 472 µS cm -1 for Lake Grosse Fuchskuhle and from 284 to 836 µS cm -1 for Lake Stechlin, with the exception of sample NGW250 that had a much higher conductivity of 2991 µS cm -1 compared to all other samples. Isotope concentrations at Lake Grosse and NGL4 were nitrate was relatively high, ranging from 0.7 to 3.6 mg L -1 .
All groundwater samples from Lake Grosse Fuchskuhle had a brownish color, whereas groundwater samples from Lake Stechlin were generally colorless with two exceptions: sample N2
showed a slight yellowish coloration while sample NGW250 was black (see Fig. S1 ). DOC concentrations of the groundwater differed between the two lakes, with concentrations ranging from 9.31 to 336.85 mg L -1 and from 15.89 to 81.23 mg L -1 for Lake Stechlin and Lake Grosse Fuchskuhle, respectively (Table 1 ). The exceptionally high DOC concentration of 336.85 mg L -1 for borehole NGW250 was indicated by the black color of the sample; other groundwater samples from around Lake Stechlin were all below 18.5 mg DOC L -1 .
Although showing a trend for different DOM sources, no significant differences in DOM quality (for HIX, FIX, SR, E2/E3) in the groundwater between Lake Stechlin and Lake Grosse Fuchskuhle were detected ( Fig. 2a ; Wilcoxon test, p>0.05). The exception was for SUVA 254 values, which were significantly higher in samples from Lake Grosse Fuchskuhle (4.53 ± 3.58) compared to those from Lake Stechlin (1.62 ± 2.11) ( Fig. 2b ; Wilcoxon test, p=0.01).
Fungal community structure and diversity
After quality checking, we identified 1070 fungal OTUs out of 143620 sequences. Most sequences were assigned to Ascomycota and Basidiomycota, but also OTUs belonging to Chytridiomycota, were detected (Fig. 3) . Sequences belonging to Cryptomycota were found in in several samples and reached up to 72% of all fungi in sample FX3. The overall most abundant OTU belonged to the genus Exobasidium (Basidiomycota).
NMDS analysis showed a clear separation of the fungal communities in the aquifers surrounding the two different lakes (Fig. 4) , which was confirmed by a PERMANOVA analysis (p=0.002). A similar result was obtained by a network analysis based on presence/absence of fungal OTUs revealing a clear distinction between the groundwater surrounding the two lakes. We found 461
OTUs only in boreholes in the vicinity of Lake Stechlin, 367 OTUs around Lake Grosse Fuchskuhle, while 242 OTUs were common in the groundwater of both lakes (Fig. 5 ).
Alpha diversity of fungal communities revealed a contrasting picture between the two groundwater sites. The species richness per sample ranged from 27 to 88 species, with significantly lower values in the near-shore shallow groundwater boreholes around Lake Stechlin compared to the deeper boreholes of the same lake or those around Lake Grosse Fuchskuhle (Fig.   6a , Table S2 ). Evenness revealed no significant difference between the groups and was generally low, with greater variation among the shallower boreholes, indicating that a few species are dominating the fungal community in the groundwater (Fig. 6b , Table S2 ).
Fungal isolates and their degradation capacity of complex, polymeric substances
Twenty seven fungal strains were isolated from three different boreholes covering a DOC concentration gradient (boreholes FX3, NW1, and NGW250). The isolates were highly diverse, and assigned to two fungal phyla (Ascomycota and Zygomycota), five classes (Dothideomycetes, Eurotiomycetes, Leotiomycetes, Mucoromycotina, Sordariomycetes), nine orders, and 14 different families. Figure 7 shows the phylogenetic relationship between the fungal isolates. Members of Mucorales and Mortierellales (both Zygomycota) were only isolated from Stechlin NW1. The most frequently isolated genus was Cladosporium which was isolated from all three boreholes. We were also able to find most of the isolated fungal strains in our Illumina sequencing data (see Table S3 ) and with most strains being found also in other boreholes investigated in this study.
Most of the isolates were able to degrade at least one of the polymeric substrates tested (Table 2) .
Three isolates showed a degradation capability for Bromocresol Green (Bromo), 12 isolates for Remazol Brilliant Blue (RBBR), 16 isolates for 2,2′-Azino-bis 3-ethylbenzothiazoline-6-sulfonic acid (ABTS) and 21 isolates for Congo Red (Congo), while 10 isolates showed activity on PolyR-478 (PolyR) and 12 on Toluidine (Tol). Most isolates could degrade at least one substrate, except strains KR40 (Umbelopsis sp.) and KR56 (Ramularia sp.) which did not show any capacity to degrade the tested substances. Three isolates from Lake Grosse Fuchskuhle FX3 (KR27 -Cadophora sp., KR35 -Gibberella sp., KR36 -Isaria sp.) were able to degrade all six tested substrates. We also observed that some isolates differed in their degradation capabilities despite having the same taxonomic classification (i.e. Cladosporium herbarum and C. cladosporioides isolated from boreholes Fuku FX3 and Stechlin NW250).
Discussion
Illumina amplicon sequencing and our isolation-based approach revealed a wide diversity of fungi in aquifers in the vicinity of two lakes with contrasting limnological features. We were able to demonstrate that groundwater can contain high concentrations of DOM, which varied in its optical properties such as SUVA 254 indicating the occurrence of different chemical and microbiological transformation processes between collection sites. The majority of the groundwater fungal sequences were associated with Ascomycota and Basidiomycota, but also Chytridiomycota, Cryptomycota and Zygomycota were present. Most of the isolated fungal strains were able to degrade highly polymeric OM, confirming an active and important role of fungi in groundwater DOM degradation.
Although the role of fungi in terrestrial ecosystems is well recognized, their role in groundwaters has been little studied. Our results indicate that aquifer fungi have the same or similar ecological functions as in soil, i.e. the degradation of complex polymeric substances. Carbon quality and quantity in groundwater is greatly influenced by the sedimentary legacy of the surrounding ground and may explain differences in the biogeochemical parameters of the investigated boreholes (Artinger et al., 2000) . The carbon content in aquifers has implications for fungal community assembly and associated functions, as fungi can degrade and modify a variety of organic carbon compounds including highly polymeric OM (Flaig, 1964; Dashtban et al., 2010; Harms et al., 2011) .
Fungi are also involved in various parts of the nitrogen cycle, e.g. by providing nitrogen to other members of the groundwater biota via "nitrogen mining" from organic macromolecules such as lignin (Hobbie et al., 2013) . Under sub-and anoxic conditions, as often found in groundwater, they can use dissimilatory nitrate reduction pathways to gain energy (Takaya, 2002; Takasaki et al., 2004) , possibly coupled with iron oxidation (Smith et al., 2017) . These processes might be relevant because of the high ammonium and iron concentrations, and low dissolved oxygen concentrations, in several of the boreholes, particularly those close to Lake Grosse Fuchskuhle as well as the deepest borehole (250 m) close to Lake Stechlin.
All boreholes were characterized by the presence of Ascomycota and Basidiomycota. Members of these phyla are well known as degraders of dead complex organic matter in terrestrial and aquatic habitats (Baldrian et al., 2011; Duarte et al., 2015) . Based on our results, including the diversity study and degradation assays, we suggest that these groundwater fungi might be involved in nutrient cycling as well as in carbon degradation and restructuring in aquifers (Rojas-Jiménez et al., 2017). However, some of the investigated boreholes showed a high proportion of Chytridiomycota, Zygomycota and/or Cryptomycota sequences. These fungal groups include saprotrophic, parasitic or even hyperparasitic members (White et al., 2006; Kagami et al., 2007; Gleason et al., 2014) . Species of Chytridiomycota can infect a wide variety of phytoplankton species (e.g. diatoms, cyanobacteria, green algae; Kagami et al., 2007) , but can also grow on dead organic matter, e.g. on pollen (Wurzbacher et al., 2014) . Since active phytoplankton is most likely absent in groundwater, we propose two different lifestyles for the detected chytrids: 1.
saprotrophes/phagotrophes using complex organic compounds for growth and metabolism and/or 2. parasites on groundwater meiofauna such as rotifers or nematodes (Deacon and Saxena, 1997;
Glockling, 1998). The role of Zygomycota in groundwater is also largely unknown. Species of this phylum are known to have a saprophytic lifestyle, while others are parasites or can even actively catch rotifers and nematodes (Karling, 1936; Glockling, 1997) . Indeed, very recently, it has been shown that they can control rotifer populations in activated sludge (Pajdak-Stós et al., 2016) .
Members of the Zygomycota might therefore play a similarly important role in regulating the groundwater fauna as suggested for other fungal groups (Nordbring-Hertz et al., 2011) .
Cryptomycota are mainly represented by environmental sequences, and only a few isolates have been described to date (e.g. Rozella allomyces; Foust, 1937) . The closest phylogenetic neighbours of the Cryptomycota sequences detected in our samples belong to sequences that were found in a pollen incubation experiment in Lake Stechlin (Wurzbacher et al., 2014) and seem to be related to the presence of Chytridiomycota and Oomycota. Both groups include well known saprophytes, i.e.
as degraders of pollen. Cryptomycota are described as parasites of other fungi (Letcher et al., 2017) , but can also infect Oomycota (Letcher et al., 2018) . The (hyper)parasitic lifestyle suggests that they can have a strong influence on other trophic levels and might therefore play an important regulatory role for groundwater ecosystems.
Groundwaters and surface waters are often seen and managed as separate units, however, species exchange between surface and subsurface can occur (Brad et al., 2008) . This is supported by the detection of a dominant fungal OTU (Otu0002) in our data set. This OTU is closely related to Exobasidium sp. (Basidiomycota) which is a known plant pathogen on Vaccinium sp. which is frequently growing in the sampling area. Since we used a DNA-based approach, we cannot fully exclude a potential transport of spores or mycelia through the soil substrate into the waterbearing formations. It has been shown in earlier studies that there is an interconnection of groundwater with surface waters, which can lead to the dispersion of fungi and other microorganisms even over large distances (Pyle et al., 1979; Perkins et al., 2015; Nawaz et al., 2016) , although that is also dependent on the flow velocity, aquifer porosity and atmospheric pressure. Recently, Nawaz et al. (2018) used ITS mRNA to show that fungi are active and diverse in groundwater. They reported that the OTU overlap with an earlier DNA-based study (Nawaz et al., 2016 ) was only around 6%, which points to a difference between the overall and the active fungal community. However, this rather small overlap can be a consequence of comparing samples from different seasons and years, but also by precluding the detection of the non-and low-active as well as the low-abundant part of the fungal community when using a DNA-versus a RNA-based approach. Furthermore, differences in the used primer sets and the bioinformatic workflow make a direct comparison of the fungal datasets generated in the two studies difficult (Sinclair et al. 2015 ). Although we might have partly captured in our study of the non-active fungal fraction dwelling in groundwater by using a DNA-based sequencing approach, our study adds valuable information to the overall diversity, and by using an isolation approach it points to potential functions of fungi in aquifers (Hongsanan et al., 2018) .
Despite the limitations of in vitro culturing methods, the majority of the obtained isolates were detected in our metabarcoding analysis (see Table S3 ), and more importantly, we confirmed that they can be active degraders of polymeric substances. The most frequently isolated genus was Cladosporium, while the most taxon-rich orders were Hypocreales and Capnodiales, which were isolated from all three boreholes. These two orders are known to contain several genera that are capable of degrading complex polymers, including cellulose and lignin (Rojas-Jiménez and Hernández, 2015), which was confirmed by our degradation assay. Further, our data indicates that differences in DOM composition between the two main groundwater sites were mainly due to variations in DOM aromaticity. On one hand, fungi can degrade humic substances and on the other hand they can actively increase the production of more aromatic compounds (Rojas-Jiménez et al., 2017) . Although based on a reduced dataset, we noted that isolates from the groundwater close to Lake Grosse Fuchskuhle were able to degrade a much wider range of OM than those isolated from groundwater close to Lake Stechlin. Therefore, we suggest that fungi from Lake Grosse Fuchskuhle have a higher potential to increase DOM aromaticity via DOM transformation.
Unfortunately, our dataset does not allow disentangling the transformation of humic acids from the synergy of processes occurring in the natural environment. Our data, however, provide evidence that groundwater systems with highly aromatic organic compounds can be well populated by fungi with a wide functional potential, in particular to degrade a variety of complex polymeric substances. As previously demonstrated, fungi are important players in the global carbon and nitrogen cycles (Krauss et al., 2011; Rütting et al., 2011) ; therefore, isolation and quantification of such processes in groundwater will improve our understanding of humic matter cycling also at the global scale.
Despite our limited knowledge about fungi in aquatic systems, and especially in groundwater, we revealed a highly diverse fungal community in different groundwater habitats in the vicinity of two lakes with contrasting limnological features. Our combined molecular and cultivation-based approaches demonstrate the potential role of aquatic fungi in groundwater habitats, especially for the cycling of organic matter by degrading complex organic compounds as well as in the ecological regulation of groundwater biota via parasitism. Some of the isolated fungi had the same taxonomic classification but differed in their degradation capabilities, pointing to functional variations in ecotypes or differences at strain level. In order to detect these functional differences also on the taxonomic level, the use of additional genetic markers is suggested for future investigations.
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